Abstract-Under conditions of order reduction, a nonlinear control of a bidirectional coupled-inductor Cuk converter suitable for large-signal applications is presented. The converter is accurately modeled as a second-order bilinear system and the conditions established for local controllability. The integration of converter state equations and the subsequent introduction of a linear recurrence between the output variable and an external reference signal lead to a nonlinear control law that is implemented by means of an analog divider, standard operational amplifiers, and a pulse-width modulator. As a result, the output variable follows proportionally the reference signal, this allowing the obtention of different types of power waveforms in the converter output. Experimental results verify the theoretical predictions.
I. INTRODUCTION WITCHING converters can be represented taking part
S of a class of feedback systems as illustrated in Fig. 1 .
The basic operation of the regulator loop consists in comparing the output variable with a reference input to generate an error signal, which, after being appropriately filtered and amplified, results in a continuous control signal. This is eventually transformed by means of a modulator into a discrete variable defining the switch duty cycle. The main difficulties in the analysis of switching regulators are due to the highly nonlinear nature of dc-to-dc converter systems.
To solve this problem, different linearizing modeling techniques were proposed in the past, their validity limits being located in a small neighborhood of the steady-state operating point. However, the analysis becomes more difficult beyond these limits, when large-signal behavior is required. This case is particularly important either when Manuscript received August 3, 1990; revised March 20, 1992 . This work has been sponsored by Grant Acci6n Integrada Hispano-Francesa 183.
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L. Martinez and A. Poveda designing a switching converter-based servosystem using a variable reference or when, in a conventional regulator, a load perturbation appears. The dynamical analysis becomes also rather complex in the discontinuous conduction mode where the instant in which the switch current becomes zero depends on the converter state and not on its duty cycle. Therefore, two constraints expressing the current cancellation must be added to the three piecewise-linear vector differential equations. First, the switch current takes the same value at both the beginning of the first subinterval and the end of the second one; second, the switch current is zero during the third subinterval of the switching period. Moreover, the existence of an additional nonlinearity nonrelated to the control variables but to the converter state variables makes the design of a feedback loop suitable for large-signal operation particularly difficult. In order to avoid the discontinuous conduction mode and, at the same time, allow the existence of light load levels, the bidirectional switch was introduced, this having led to a bilinear description of the switching converter [l], [2] . The transformation of the canonical buck, boost, or buck-boost structures into bidirectional cells has extended the dynamic performances of the power converter as the time constant of the output filter is strongly affected by the low-impedance input network. On one hand, the well-known linear control strategies cannot be used in such bidirectional converters since large-signal transients are often present in the current flow reversal. Therefore, in such converters, large-signal control becomes mandatory, this having to take into account the nonlinearities introduced by the sampling process as well as the additional constraints that are needed to obtain the desired closed-loop regulation. On the other hand, a large-signal control technique in bidirectional cells has provided excellent performances in the elementary converters as reported in [l], [2]. This approach is now applied to control a complFx converter such as the bidirectional coupled-inductor Cuk converter, shown in Fig. 2 Fig. 1 . Block diagram of a one-loop regulator system using a convertor as power stage. condition n = k , zero current ripple will be obtained at the output and the need for output capacity C2 will be completely eliminated as it was reported by Cuk in [41, [51. The elimination of this capacitor results in a simplified and extremely favorable loop-gain dynamics when this converter is used in push-pull configuration, thus implementing a push-pull switching audio power amplifier [4]- [6] . Second, an additional order reduction can be obtained if the magnetic coupling is perfect, i.e., k = 1, which results in only one equivalent inductor. Thus, this paper covers the analysis and design of a nonlinearly controlled bidirectional second-order converter suitable for large-signal applications. Because of the bidirectional current capability of the switch, the discontinuous conduction mode does not take place and therefore the switching converter can be represented by two piecewise-linear vector differential equations:
where X is the power-stage state vector and 5 is the dc input. Equations (1) and (2) can be combined in only one bilinear expression:
where U = 1 for t I To,
and matrices A , a, B, and b are given, respectively, by
where 0 is the null matrix. The bilinear system described by (3) is locally controllable since the dimension of the Lie algebra generated by 
Finally, introducing in (15) the following control recurrence:
where C, represents an external reference and W is a positive arbitrary constant less than 1, results in
This nonlinear control law is represented by the block diagram depicted in Fig. 4 and has been implemented as shown in Fig. 5 , where the complete bidirectional converter and its control circuit are depicted in detail. Finally, Fig. 9 shows the output voltage behavior when using a sinusoidal reference and the load has pulsating characteristics, this being implemented as represented in Fig. 10 . The output voltage exhibits in this case a fast recovery, i.e., only 5% of a half a cycle time and negligible overshoot 10%.
IV. CONCLUSIONS
The obtained results show the feasibility of a large-signal control of PWM complex converters. The technique presented in the paper can be used to implement highperformance sinusoidal inverters or power amplifiers. It must be remarked that the developed prototype has been designed for low-power applications since our main interest was to verify the validity of the proposed control loop. The control procedure can also be easily applied to highqrder converters such as the fourth-order bidirectional Cuk converter as reported in reference [13] . In all cases, the system performances are basically limited by the characteristics of the analog multiplier. In that sense, further research is needed in order to simplify the number of elements in the feedback path by implementing some of the analog functions by means of digital circuits.
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[ V , W ] = B ( A x + U ) -A ( B x ) .
The bilinear system described by (3) will be controllable if and only if the Lie algebra generated by operators V and W is of full rank in any operating point of the converter [12] . Since, in this case, we analyze a secondorder system, the Lie algebra will be of full rank if its dimension is 2.
In order to investigate a base of this algebra, we define the set of vectors
If two vectors of this set are linearly independent, the nal modelling and control in bidirectional switching converters," in Proc. IEEE Int. Symp. on Circuits and Systems, ISCAS'91, Sin@ pore, June 11-14, 1991 , pp. 1081 -1084 [14] A. Monin, "Contributions algebriques and topologiques B la representation des systemes non-lineaires," Thkse de Doctorat. Universit6 Paul Sabatier, Toulouse, France, Dec. 1987. model will be controllable. On the other hand, the model Will be uncontrollable if the following determinants are zero:
The analysis of this set of equations reveals that we can always find two linearly independent vectors since W,, W,, and W, are related among them as follows:
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